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T cell repertoire diversity is generated in part by recombination of variable (V), diversity (D), and joining (J)
segments in the T cell receptor b (TCR) locus. T cell clonal frequency distribution determined by high-
throughput sequencing of TCR b in 10 stem cell transplantation (SCT) donors revealed a fractal, self-similar
frequency distribution of unique TCR bearing clones with respect to V, D, and J segment usage in the T cell
repertoire of these individuals. Further, ranking of T cell clones by frequency of gene segment usage in the
observed sequences revealed an ordered distribution of dominant clones conforming to a power law, with
a fractal dimension of 1.6 and 1.8 in TCR b DJ and VDJ containing clones in healthy stem cell donors. This self-
similar distribution was perturbed in the recipients after SCT, with patients demonstrating a lower level of
complexity in their TCR repertoire at day 100 followed by a modest improvement by 1 year post-SCT. A large
shift was observed in the frequency distribution of the dominant T cell clones compared to the donor, with
fewer than one third of the VDJ-containing clones shared in the top 4 ranks. In conclusion, the normal T cell
repertoire is highly ordered with a TCR gene segment usage that results in a fractal self-similar motif of
pattern repetition across levels of organization. Fractal analysis of high-throughput TCR b sequencing data
provides a comprehensive measure of immune reconstitution after SCT.
 2013 American Society for Blood and Marrow Transplantation.INTRODUCTION
T cells are central to the normal execution of adaptive
immunity, allowing identiﬁcation of the multitude of path-
ogens encountered in an organism’s lifetime. Immune
recognition of transformed cells further contributes to
survival of the host organism by preventing emergence of
malignancy. It is no surprise, then, that adoptive immuno-
therapy by means of allogeneic stem cell transplantation
(SCT) has emerged as an effective modality for the manage-
ment of hematopoietic malignancies. Survival after SCT is
critically dependent on immune reconstitution because of
the role of adoptive immunity in graft-versus-host (GVH)
and graft-versus-leukemia (GVL) responses as well as its
obvious importance in controlling opportunistic infections.
Several measures to evaluate immune recovery after SCT,
such as T cell chimerism, and T and NK cell subset recovery,
are correlated with post-transplant outcomes. However,
none of these provides a comprehensive picture of T cell
receptor repertoire reconstitution, knowledge of which is
critical to allow full comprehension of GVH and GVL
responses, which are driven by minor histocompatibility
antigen differences between donors and recipients.edgments on page 376.
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12.12.004T cell receptors (TCRs) are expressed on the T cell surface
serving primary antigen recognition function in adaptive
immune responses. TCRs are comprised of an alpha and
a beta chain (TCR ab) each consisting of an antigen binding
(complementarity determining region; CDR1-3) and trans-
membrane domain. The CDR3 region of the TCR interacts
with oligopeptides presented in the antigen-binding groove
of the human leukocyte antigen (HLA) molecules expressed
on the antigen-presenting cells. The ability of the human T
cell repertoire to recognize the vast array of pathogens and
initiate speciﬁc adaptive immune responses depends on the
versatility of the TCR, which is generated by recombination
of diversity (D), joining (J), and variable (V) segments within
the TCR gene locus. The germ line TCR b locus has 2 D, 13 J,
and 52 V gene segments, which are recombined during T cell
development to yield numerous VDJ recombined T cell
clones. Further variability and antigen recognition capacity is
introduced by nucleotide insertion (NI) in the recombined
TCR a and b VDJ sequences. This generates a vast T cell
repertoire, the relative quantitative organization of which is
thus far poorly understood. High-throughput TCR
sequencing allows in-depth molecular analysis of T cell
clones to get an unprecedented level of detail when exam-
ining the T cell repertoire of individuals. However, to
comprehend the signiﬁcance of the vast array of T cell clones
identiﬁed and their relative quantitative relationship in the
normal and disease states, a better understanding of the
normal clonal frequency distribution of the T cell repertoire
is needed.Transplantation.
J. Meier et al. / Biol Blood Marrow Transplant 19 (2013) 366e377 367Self-similarity is a phenomenon observed frequently in
biologic systems, and results in scale invariant motifs over
a ﬁnite range in living organisms [1-3]. Readily discernible
examples of this self-similarity include the arborizing of tree
branches and vascular networks, where ﬁrst order branches
are quantitatively (say, in terms of cumulative diameter)
similar to second order branches and so on. Although never
identical, such patterns are termed statistically self-similar.
Self-similarity in complex natural systems is characterized
by quantitative relationships in which the magnitude of the
variable of interest varies with the scale of measurement,
such that, as the scale of measurement gets smaller the
magnitude becomes relatively larger maintaining constant
proportionality. This relationship is expressed in terms of
fractal dimension, which takes on a noninteger value
between the classical Euclidean integer dimensional values,
and is given by the proportion of the logarithm of magnitude
by logarithm of the scale [4,5]. The transformation of natural
numbers to their logarithms allows the proportionality of
magnitudes across different scales to be more easily dis-
cerned. Fractal dimension, then, is a measure, which explains
the complex structural organization of natural objects, which
do not completely occupy the space they exist in. As an
example, in Euclidean geometry, a plane occupies the space
completely in 2 dimensions, and a cube in 3. However in
nature, structures do not completely occupy the space they
exist in when viewed from a topographical point of view. In
the above examples, vascular networks and tree branches do
not completely occupy the 3-dimensional space they exist in;
they, irregularly, occupy less. Thus, they have a fractal
dimension of between 2 and 3. Similarly a linear object, such
as a coastline or a meandering river, will have a fractal
dimension of between 1 and 2, because it is a one-
dimensional object, which is zigzagging in and out of
a second dimension on account of structural complexity
introduced by folding.
T cell receptor repertoire generated by recombination of
gene segments arranged on a linear DNA molecule may
likewise have a fractal organization, with the clones con-
taining different V, D, and J gene segments having a propor-
tional quantitative distribution in an individual. We
postulated that the TCR bD, J and V gene segment usage in an
individual would result in a TCR repertoirewith a self-similar
frequency distribution of T cell clones incorporating these
gene segments (Figure S1). To determine this, the T cell
repertoire of donors and recipients of HLA matched related
and unrelated allogeneic SCT assessed by high-throughput
sequencing of the TCR b was analyzed using log-
transformation and fractal analysis.
MATERIALS AND METHODS
Patients
Patients with recurrent hematological malignancies were enrolled in
a prospective clinical trial approved by the Virginia Commonwealth
University Institutional Review Board (Clinicaltrials.gov identiﬁer:
NCT00709592). The study is a randomized phase II trial of a reduced
intensity conditioning regimen for allogeneic SCT in patients with recurrent
hematological malignancies. High-resolution HLA matching was performed
at HLA-A, B, C and DRB1 loci in matched related as well as matched unre-
lated donors, with 7 of 8 or 8 of 8matching required for transplant eligibility.
Patients were randomly assigned to conditioning with 2 different doses of
rabbit antithymocyte globulin (Thymoglobulin, Genzyme, Inc., Cambridge,
MA) and 450 cGy total body irradiation, followed by infusion of granulocyte-
colony stimulting factor mobilized blood stem cells as previously described
[6]. Chimerism analysis was performed on CD3þ T cells by polymerase chain
reaction (PCR) for STR sequences to identify informative donor-recipient loci
for measuring recipient contribution to the CD3þ cell population in
circulation.T cell Isolation, RNA Extraction and RT Reaction
RNA was extracted from donor apheresis product and recipient CD3þ
PBMC using TRIzol reagent (Invitrogen) according to manufacturer’s
protocol. DNase treatment was performed using RQ1 RNase-free DNase
(Promega, according to manufacturer’s protocol) to digest DNA contami-
nation. The cDNAwas prepared from 1 mg of total RNA using the SuperScript
II reverse transcriptase (Invitrogen) with a dT18 oligonucleotide primer.
cDNA synthesis was completed at 42C for 2 hours [7]. Recipient blood
samples were collected at day 100 and one year after SCT in all patients.
Patients developing graft-versus-host disease (GVHD) had samples collected
before starting corticosteroids, whenever possible.
High-Throughput T Cell Receptor Sequencing
Upon conﬁrmation of the purity of the cDNA by running PCR product of
GAPDH ampliﬁcation,1 mg to 119 mg (average, 55 mg) per sample of cDNAwas
sent to Adaptive Biotechnologies (Seattle, WA) for high-throughput
sequencing of the TCR b CDR3 region using the ImmunoSEQ assay. This
approach is composed of a multiplex PCR and sequencing assay in combi-
nation with algorithmic methods to produce approximately 1,000,000 TCR
b CDR3 sequences per sample [8]. The assay utilizes 52 forward primers for
the Vb gene segment and 13 reverse primers for the Jb segment to generate
a 60 base pair fragment capable of identifying the entire unique VDJ
combination [9]. It is to be noted that primer bias is inherent to multiplex
PCR, but is predictable and reproducible at all V, D, and J gene loci that can be
ampliﬁed; thus, this assay utilized both experimental and computational
techniques to normalize for bias and produce a quantitative assay. Ampli-
cons were then sequenced using the Illumina HiSeq platform, and data was
analyzed using the ImmunoSEQ analyzer set of tools. This approach enables
direct sequencing of a signiﬁcant fraction of the TCR repertoire as well as
permitting estimation of the relative frequency of each CDR3 region in the
population.
Proportional Usage of TCR b Gene Segment
To study the quantitative organization of the T cell repertoire with
respect to the VDJ gene segment usage, productive sequences were exam-
ined after high-throughput sequencing. The TCR gene segments were
chosen as a natural scale for examining the organization of the TCR reper-
toire. Clone frequency (copy [or read] number of individual, unique
sequences bearing speciﬁc TCR b J, V, and NI) was used as a measure of
magnitude and the number of segments incorporated was used as a scaling
factor. Scaling factors (SF) were assigned to sequences as follows: sequences
with the same TCR b J segment were assigned a SF of 2, because 2 gene
segments are involved (D and J); those with TCR b VJ were assigned a SF of 3
(D, J and V involved); and unique sequences bearing nucleotide substitu-
tions were assigned a SF of 4 (D, J, V, and NI involved) (Figure S1). Clone
frequency of speciﬁc J segment usagewas the sum of sequences bearing that
J segment, and clone frequency was calculated similarly for the speciﬁc VJ
clones, whereas clone frequency of individual NI containing sequences was
as reported, based on that sequence’s copy number.
High-throughput TCR sequencing gives clone frequency data with gene
usage information at the greatest resolution, analogous to measurement at
the smallest scale. In this system, the Tcell clone frequency becomes smaller
as the scale of gene segment usage assumes higher values, and thus reso-
lution (from J, to VJ segment down to VJþNI). This conﬁguration is reciprocal
to other fractal structures in which usually the magnitude proportionally
increases as the scale of measurement becomes smaller (ie, magniﬁcation
increases). Therefore, analogous to the fractal dimension calculation, in
order to demonstrate fractal distribution of TCR b gene segments across
samples, we multiplied the log of the number of sequences containing the
gene segment being measured, by the log of scale, ie, the level of gene
segment being considered. In the absence of unique data sets at each of the
TCR b gene segments, this method accounted for the entire data set being
measured at the highest scale, and then split up by gene segment usage.
The formula used was:
Let Xijkl represent the clone frequency for patient, i at time j, for the kth J,
and lth V segment. Donor samples are denoted by j¼1 and recipient samples
are j> 1. For subject i, at time j, our self-similarity score from J segments was
estimated as, (formula 1)
SSJij ¼ mean
k
 
log
 X47
l¼1
Xijkl
!
 logð2Þ
!
Formula 1
and from VJ segments as, (formula 2)
SSVij ¼ mean
k

mean
l

log

Xijkl

 logð3Þ

Formula 2
Using m to denote nucleotide insertions, our self-similarity score for
nucleotide insertions were calculated as, (formula 3)
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log
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
 logð4Þ

: Formula 3
Therefore, the general form of our self-similarity score was,
SSTCR ¼ meanðlogðXiÞ  logðSFxÞÞ
where, Xi ¼ TCR b clone frequency (unique sequence copy number) with
unique J, VJ, or VJþNI, and corresponding SFx¼ 2 for J, 3 for VJ and 4 for VJþNI.
For these calculations, any undeﬁned segment generated during the
sequencing steps, where the TCR b V family could not be assigned, was
excluded. The self-similarity score for NI used sequences present at greater
than 100 for the copy number after normalization for PCR primer bias. This
was done to capture the organization of the dominant contributors to the
repertoire in order to discern the large-scale organization.
Graphical Representation of TCR b Repertoire
Sequencing data for the TCR b repertoire generated by Adaptive
Biotechnologies was organized according to VDJ clonotype. Individual graphs
were generated using Microsoft Excel’s doughnut graph function, which
allowsfor thedepictionof relative-proportional distribution (RPD)ofmultiple
variables simultaneously. Each circle within the graph represents 100%, and
hence, each segment can be visualized based on its proportional represen-
tationwithin thepopulationbeing inspected.Brieﬂy, foreachTCRbDsegment
graph, each ring represents a different TCR b J segment, where, as you move
further from the center of the graph, with each ring you move further along
the TCR b J gene segment (J1.1/J2.7). Each TCR b J segment graph represents
theproportion towhich J1.1/J2.7 is expressed in each sample. Similarly, each
TCR bV RPD graph depicts a different V segment for each ring moving from
V2/V30,with eachV segment brokenupbased on the frequencywithwhich
it is found spliced with each J segment. There are 47 rings in each V segment
graph, as the primers for the TCR b V segment used by ImmunoSeq can
differentiate between 48 different V segments. The primer set could not
differentiate TRBV12-2 and TRBV12-3 from each other; nor TRBV6-3 and
TRBV6-4. Notably, TRBV17 was excluded from most analyses (self-similarity
scores and RPD graphs) because of absent expression in most cases for both
donor and recipients. Lastly, nucleotide insertions were displayed using RPD
graphs such that the total number of unique nucleotide insertion bearing
clones for both the Vb-Db and Db-Jbwere represented. Each ring in the graph
represents a different TCR b J segment (J1.1/J2.7) that is broken up propor-
tionally based on the number of sequenceswith unique nucleotide insertions
present at each variable region, expressed as a fraction of all the sequences
containing that J segment. Results from TCR bD1 and D2 segment plots were
combined in the represented graph because of their similarity.
TCR bClonal Frequency Distribution
Self-similarity describes scale invariance of magnitude, and is classically
modeled by a power-lawdistribution, such that a function’s value, y, varies as
a constant power, a, of its argument, x, maintaining a proportional rela-
tionship between the two variables, resulting in the relationship, y ¼ k xa.
Among other physical processes, such power law distribution describes
allometric scaling invariance in biologic systems [10-13]. The self-similar,
and thus fractal, power law distribution of high-throughput TCR clonal
frequency was ﬁrst studied by constructing frequency distribution plots of
the TCR bDJ, VDJ and VDJþNI clones. Subsequently this relationship was
veriﬁed by creating log-log plots of assigned rank against the relative
frequency of those clones, with rank assigned by relative frequency. A linear
relationship between these base 10 log-transformed variables is described
by the formula log y¼ a log xþ log k, [formula 4] where the absolute value of
the slope of the line, ‘a’, is considered equivalent to the fractal dimension. For
this calculation, relative clonal frequency was determined by taking the sum
of the individual clone frequencies (see above) at the segment level to be
studied, ie, at either DJ and VDJ, and then dividing the clone frequency of
each unique, DJ and VDJ clone being evaluated, by the total clonal frequency
at that level to determine the relative usage of individual clones. Sequences
with fewer than 500 copies were excluded from this analysis. Rank assign-
ment for VDJ clones was based on the prevalence of those clones whose
frequency in the overall pool was greater than .05%, to determine the
organization for the dominant T cell clones in the repertoire. The ranking
based onpercent frequency (relative frequency 100, f) was done as follows:
RVDJ ¼
8>>>>>><
>>>>>>:
1 if f  1%
2 if :50%  f < 1%
3 if :25%  f < :50%
4 if :15%  f < :25%
5 if :10%  f < :15%
6 if :075%  f < :10%
7 if :06%  f < :075%
8 if :05%  f < :06%
NA otherwise
Formula 4The difference between the consecutive ranks was consistent with the
following progression between ranks: .5, .25, .1, .05, .025, and .01. For DJ
clone assignment in the log-rank plots, the segments D1J1.1 to D2J2.7 were
ranked as follows:
RDJ ¼
8>>><
>>>:
1 if f  7%
2 if 4%  f < 7%
3 if 2%  f < 4%
4 if 1%  f < 2%
5 if 0:4%  f < 2%
NA otherwise
Segments that were represented at a frequency of less than .4% were not
included for the DJ rank plots. The difference between the consecutive ranks
was consistent with the following progression between ranks: 3, 2, 1, and .5.
The absolute value of the slope of the resulting linear regression lines from
the points was used as a measure of the self-similarity and fractal dimension
of the donors.
To determine changes in TCR repertoire after SCT, we examined the 4
dominant ranks in the donors and recipients, and reported the proportion of
VDJ containing clones, which were present in both donors and recipients in
these top ranks. These would be most likely harbor the dominant sequences
(w200 in number), and would arguably include the T cell clones driving
GVHD and response to infection. Sequence reads where the variable
segment was undeﬁned were generally excluded in this analysis.
Statistical Analysis
Statistical analysis was performed with SPSS (version 20) software. The
Pearson Correlation Coefﬁcient was used to study the relationship between
the power law of the TCR b DJ and VDJ clones. Wilcoxon signed rank test was
used to calculate the difference between the self-similarity scores for paired
donor-recipient samples at day 100 and 1 year post-transplant. Statistical
tests were based on a level of signiﬁcance of P < .05.
RESULTS
Self-Similarity of the TCR b Repertoire
High-throughput sequencing of the TCR b locus was
performed using cDNA isolated from either apheresis
product (stem cell donors) or circulating CD3þ cells (SCT
recipients) at day 100 and one-year post-SCT or at the time of
diagnosis of GVHD (n ¼ 10, Table S1). A median 629,606
productive unique TCR b sequences were identiﬁed (range:
1,161,823 to 58,009) in the stem cell donors. TCR b clone
frequencies were then examined to determine the TCR self-
similarity score (SSS), evaluating clone frequency at the
level of each gene segment (J, VJ, and VJþNI). The J segment
usage in individuals was ﬁrst examined as it recombines with
the D segment early in T cell development. SSS for each TCR
b J gene segment (J1.1 to J2.7) was found to take on a limited
range of values across individual donors as depicted
(Figure 1A). This ﬁnding of relatively similar gene segment
usage was consistent across all rearranged gene segment
levels (scales) and between all the donors (Table 1). These
values were limited to a narrow distribution between 1.4 and
1.6, and demonstrated a trend of declining values as the
scaling factor (gene segment usage) increased. This obser-
vation is consistent with the notion that when measuring
from the J segment, up, the clones become more precisely
deﬁned, albeit with a greater number of gene segments
involved in clonal deﬁnition. Further, the observed close
proximity of the SSS of TCR b J, VJ and VJþNI usage suggests
that there is an underlying organization to the TCR reper-
toire, and that the gene segment usage observed here is not
random but rather, similarly distributed across the TCR
b gene segments and amongst individuals.
Further evidence for self-similarity across the T cell
repertoirewas demonstrated by the RPD graphs, which allow
visual estimation of the relative proportion of TCR gene
segment usage both within and across donor samples by
depicting relative clonal frequency. When looking at the
proportional representation for the TCR b J segment using
Figure 1. Self-similarity in TCRb J gene segment usage across segments and
individuals. (A) Self-similarity score for each TCR bJ gene segment (J 1.1 to J
2.7), depicting the narrow range of distribution for each J segment in all the
donors. (B) Graphical representation of self-similarity. Relative-proportional-
distribution (RPD) graph depicting TCR b J segment usage in 10 hematopoietic
stem cell donors. Each ring in the graph represents J segment usage frequency
in a single donor, showing similarity in J segment frequency across different
donors. Arrows demonstrate data orientation in the rings.
Table 1
Self-Similarity Score of the TCRbClone Frequency (mean  SD) at Different
Gene Segment Levels (X). T Cell Receptorb SSS ¼ Log (Xi)  Log (SFx)
Donor SSS-TCR-J* SSS-TCRb-Vy SSS-TCRb-NIz
3 1.78  .12 1.74  .20 1.42  .21
4 1.58  .14 1.45  .19 1.38  .17
5 1.65  .07 1.50  .12 1.41  .20
6 1.82  .07 1.76  .10 1.43  .21
7 1.65  .07 1.49  .12 1.42  .20
8 1.70  .06 1.59  .10 1.41  .19
9 1.71  .13 1.65  .20 1.36  .16
11 1.41  .11 1.21  .15 1.41  .21
14 1.75  .09 1.64  .14 1.47  .25
16 1.50  .10 1.28  .13 1.39  .19
Average 1.65  .13 1.53  .18 1.41  .03
Formulas 1, 2 and 3 respectively (See Methods, values depicted rounded off
to the nearest hundredth).
* mean of n ¼ 13.
y n ¼ 594.
z n ¼ 6681, clones containing relevant TCRb.
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(Figure 1B). The distribution of TCR bDJ sequences within the
donor pool was quantiﬁed next, and a consistent patternwas
observed within and between the healthy donors, with
a preference towards the D1 splice product over D2 (Figur-
es 2A, S2A). Moving further within the TCR b gene locus this
patterning was evident for the variable segments as well
(Figures 2B, S2B). Similar organization was evident even at
the nucleotide insertion level when the proportion of TCR
with unique sequences, harboring different V, D, and J
segments are evaluated (Figure 2C).
T Cell Clone Frequency Distribution
Each RPD graph, when examined on its own, reveals self-
similarity across T cell clones, particularly at the VJ and NI
levels (Figure 2B-C). When viewing the circular graph in
a clockwise fashion the distribution of dominant andminor T
cell clones is essentially indistinguishable within anindividual repertoire. Thus, if the RPD graphs were to be
divided into relatively equal segments, T cell clonal distri-
bution appears symmetrical with different segments con-
taining a few highly expressed clonotypes scattered with
multiple low-frequency ones. To mathematically verify this
TCR clonal hierarchy, clone frequency distribution and rank-
frequency relationships of the clones (incorporating different
V, D, and J segments) within the T cell repertoire were
investigated. Nonlog transformed TCR clone frequency when
plotted in descending order, followed a power distribution,
y ¼ k xa, demonstrating an asymptotic decline with a limited
number of high-frequency clones and a large number of
clones present at a low frequency (Figure 3). The greater the
depth of sequence identity (TCR b DJ versus VDJ versus
VDJþNI deﬁned clones) the better deﬁned the power law
relationship became (Table 2). Signiﬁcantly, the TCR V
b clonal frequency distribution curve (Figure 3) exponent, a ,
took on a uniform set of values in the dominant T cell clones
examined (Supplementary Table 2), supporting the notion of
self-similarity of the overall T cell repertoire between indi-
viduals under steady state conditions. To explore the rela-
tionship between a and the logarithmically derived SSS for
each donor, the base of natural logarithms, e (2.7818), was
raised to the power of a to obtain the numeric value for
which it is the natural logarithm. The product of this number
and the constant p (3.1415) yielded a function of a, peawhich
closely approximated the SSS calculated earlier at the VJ
(Kruskal-Wallis Test P ¼ .15) and VJþNI (P ¼ .288) scaling
level, with greater congruence between the 2 values
observed as Tcell clonal deﬁnition increased (Supplementary
Table 2). Thus, this TCR clonal frequency distribution func-
tion (pea) independently validates the SSS observed in earlier
calculations and identiﬁes the mathematical constraints
within which the T cell repertoire appears to be organized.
For the log rank-frequency analysis, the relative frequency
of each clone within the repertoire was determined and the
foremost ranks were assigned to the most highly expressed
TCR b DJ or VDJ clonotypes within each donor, with subse-
quent ranks being used to describe less abundant clones. A
consistent trend was observed in which a small number of
dominant, highly expressed T cell clones constituted
a majority of the repertoire occupying the top ranks and
a large number of T cell clones occupied the later ranks
(Supplementary Table 3A and 3B). The resulting relative TCR
clonal frequency, when plotted against rank on a log-log plot,
Figure 2. Graphical representation of self-similarity in stem cell donor T cells. (A) Self-similarity in D segment usage, each ring in the RPD graph represents one J
segment. (B) Self-similarity and proportional distribution of VJ segment usage. Each ring represents a unique V segment with J segment usage in that V segment
depicted by colors. (C) Nucleotide insertions across all junctions, each ring depicts one J segment, with number of unique sequences (bearing unique nucleotide
insertions) at each V locus expressed as a proportion of total number of unique sequences across that J segment. D1 and D2 are combined into one graph. Arrows
demonstrate data orientation in the rings.
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(those with  .4% contribution to the repertoire for DJ, and 
.05% for VDJ), once again, consistent with the power law
distribution for TCR clonal frequency within the limits being
examined, ie, in the dominant clones (Figure 4). These plots
were comparable among donors when looking at both TCR
b DJ, and VDJ clones with the resulting absolute value of the
slopes averaging 1.6 and 1.8 respectively (Table 3). From this
it can be inferred that a clonal hierarchy exists in each indi-
vidual, where there are certain dominant T cell clones and
other minor clones, which together have a self-similar
distribution across the T cell repertoire when analyzed by
TCR gene segment usage. An analogy will be the size distri-
bution of stones in a riverbed, where individual stones have
different sizes but the distribution of stones of different sizes
is similar from one area of the river bed to the next. These
results support the notion that TCR b gene segment usage
across individuals has a fractal organization.
TCR Self-Similarity with Comparable HLA Type
A potential source for the orderliness (and inter-
individual variation) that is observed in the TCR b pool
within individuals may originate within the human leuko-
cyte antigen (HLA) repertoire of each individual. If this is thecase, individuals with comparable HLA typing should have
a corresponding increase in their overall relatedness at the
level of TCR b expression. Two donors (3 and 9) were
partially HLA matched and shared an HLA haplotype,
although none of the others did (Table 4, Supplementary
Table 4). When the TCR bJ segment distribution for donor 3
is compared to the partially HLA-matched donor 9, versus
HLA disparate donor 4, it is apparent that the frequency with
which segment usage is seen between donors 3 and 9 is
almost indistinguishable (Figure 5A). Although there is still
a similarity in the representation between donors 3 and 4
(Figure 5A), there is not the same extent of overlap as that
seen between donors 3 and 9, who are more analogous at the
HLA level. Although more subtle, because of complexity, and
variables such as a single haplotype being matched and
presumably vastly different lifetime antigen exposure in
unrelated individuals, this observation is also true for the
diversity and variable segments, as well as at the nucleotide
insertion level (Figure 5B).
TCR b Clonal Shift in SCT Recipients
The make-up of the TCR b repertoire in SCT recipients
from these donors was studied to explore whether or not
they retained self-similar characteristics. The self-similarity
Figure 3. Self-similar distribution of TCRb clone frequency depicted as
a power function (y ¼ k xa) when clone frequencies are plotted in descending
order, with respective R2. (Top Panel) TCRb DJ clones; (Middle Panel) TCRb VDJ
clones; (Bottom Panel) TCRb VDJþNI clones.
Table 3
Self-Similarity in Frequency Distribution of T Cell Clones. Absolute Value of
the Slope of the Log-Log Plot of Frequency-Ranked TCRbDJ and VDJ Clones in
Each Stem Cell Donor (a in log y ¼ a log x þ log k)
Donor DJ Rank Slope R VDJ Rank Slope R
3 1.65 .95 1.76 .98
4 1.66 .95 1.84 .98
5 1.73 .92 1.81 .98
6 1.49 .92 1.81 .97
7 1.41 .92 1.77 .98
8 1.49 .95 1.78 .97
9 1.70 .93 1.78 .98
11 1.82 .93 1.84 .96
14 1.41 .91 1.80 .98
16 1.62 .91 1.90 .98
Clones with sequence counts < 500 were excluded. All correlations signif-
icant at < .0001 (Pearson’s correlation coefﬁcient).
Formula 4 (see Methods).
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transplant recipients at day 100 post-transplant, and again at
1 year with available data. A reduction in the self-similarity
score is apparent for recipients at day 100 for both the TCR
b J and V segments with average values of 1.3 and 1.1
respectively, almost always declining compared to the donor
(P ¼ .047 for J, and P ¼ .022 for V) (Tables 5 and 6, Figure 6A-
B). However, both the self-similarity score for Jb and Vb
increased to levels comparable to that seen in donors with
average values of 1.7 and 1.5 at 1 year (P ¼ .893 for J andTable 2
Correlation Coefﬁcient, R, for Power Law Distribution of TCR b DJ, VDJ, and
VDJþNI clones
Donor TCRb DJ* TCRb VDJy TCRb VDJþNIz
3 .86 .99 .99
4 .87 .99 .99
5 .83 .99 .99
6 .86 .99 .99
7 .81 .99 .99
9 .88 .99 .99
8 .85 .99 .99
11 .92 .99 .99
14 .84 .99 .99
16 .86 .99 .99
P value for all correlation coefﬁcients was < .0001.
* n ¼ 26 clones.
y n ¼ 1292  995 clones.
z n ¼ 6681  4923 clones.P ¼ .345 for V) (Tables 5 and 6). These deviations from the
donor repertoire are more apparent when looking at the
relative proportion of variable and joining segments visually.
RPD graphs from SCT recipients from donor 4 and donor 6
were utilized to look more closely at the TCR b pool at both
day 100 and 1 year post-transplant. The complexity of order,
and similarity that had been apparent within the apheresis
products from the donors is hardly perceptible in blood
samples obtained from SCT recipients, especially earlier on
post-transplant (Figure 6C). This decline in TCR complexity
was evident throughout the recipient population at day 100
(Figure S3). Despite the lag in complexity of the T cell orga-
nization in recipients at 100 days post-SCT, the recipient T
cell repertoire appears to be trending towards a more
ordered and complex arrangement like that seen in the
donors at 1 year (Figures 6C, S3).
Using the TCR clonal frequency ranking analysis, the
dominant Tcell clones, that is, those represented in the ﬁrst 4
ranks, were compared between donors and recipients at day
100 and 1 year after SCT. When comparing these dominant
clones between donor and recipient at day 100 and 1 year,
patients shared only a small proportion of TCR clonotypes
with their donors independent of full donor chimerism
(Table 7). Upon comparing patients who had GVHD with
GVHD-free patients, there was a weak association observed
between the extent of disparate TCR clones and GVHD inci-
dence. The difference in the degree of overlap observed in
the top 4 ranks between donors and recipients at day 100
averaged 22% versus 32% clones shared between the 2 groups
respectively (Pearson correlation .78, P ¼ .03) (Table 7). The
negative correlation implied that development of GVHD is
correlated with declining number of shared clones. Though
this difference did not change over time, its signiﬁcance was
lost with declining patient numbers. In aggregate, these
ﬁndings suggest an alternate T cell clonal hierarchy and
repertoire develops in transplant recipients when compared
with their donors.
DISCUSSION
High-throughput sequencing of TCR b families demon-
strates that the organization of the TCR b repertoire, as
determined by TCR gene segment usage in normal stem cell
donors, rather than being random, is highly organized in
a self-similar pattern with a hierarchy of dominant and
minor clones. Relative proportional TCR gene segment usage
and the resulting repertoire may be determined by the HLA
make up of an individual. Further the complexity of the TCR
Figure 4. Log-Log plot depicting linear distribution of relative clone frequency ranked TCRb DJ (Top Panels) and VDJ (Bottom Panels) clones in two stem cell donors.
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altered possibly contributing to the development of immu-
nologic sequela such as GVHD.
Self-similarity at different scales is widely observed in
nature and is generally associated with physical structure,
where measurements across scales are possible. It is not
intuitive that such self-similar motifs with a fractal order will
be evident at a molecular level in a system bereft of physical
structure. However, the data presented support the notion
that the T cell repertoire, which is generated by recombina-
tion among multiple gene segments located at the TCR locus,
results in fractal ordering with respect to gene segment
usage, which is evident in the subsequent clonal hierarchy
observed. High-throughput sequencing studies have started
to unveil this organization, as in a recent study examining
repertoires of naïve and memory CD8þ T cells, which
demonstrated a restricted and overlapping repertoire in
seven individuals [14]. The Db loci were proportionally and
consistently rearranged with the gene segments in the 2 Jb
clusters. Non-uniform VbJb usage was compared with the
expected probabilities in a model in which all the NI possi-
bilities are accounted. However, within the observed reper-
toire, more than 10,000 sequences were shared between
these 7 individuals. The authors hypothesized that the
repertoire is dependent on the antigenic peptides encoun-
tered by the individual. The data presented here conﬁrm and
extend the notion of repertoire restriction and ordering by
revealing the self-similar distribution, which results in
a hierarchical T cell clonal distribution.Table 4
HLATyping Results for Three Donors: Twowith Partial HLAMatching (Donor 3 and D
Versus Donors 3 and 9)
Donor HLA-A HLA-A HLA-B
3 03:01 11:01 07:02
9 03:01 07:02
4 23:01 30:02 15:03
Donor DQB1 DQB1 DRB1
3 05:03 06:02 14:01/54
9 05:01 06:02 01:03
4 02:01/2 03:01Asymmetric use of TCR gene segments in generating the T
cell repertoire has been reported when high-throughput
sequencing was applied to a TCR RNA pool from several
different individuals [15]. Both TCR b V and J segment
frequency distribution plots observed were reminiscent of
a power law distribution with abundant (V 20-1, 5-1,
29-1.and J 2-1,1-1, 2-7.) and infrequent clones (V 5-3, 5-5,
5-6.and J 1-3, 2-4, 2-6.). Rank-frequency relationships
have previously been reported as a means of establishing not
only the self-similar clonotype distributionwithin a subset of
the T cell repertoire, but also as a method to describe the
fractal nature of this population [16]. In an elegant series of
papers examining observed frequencies of speciﬁc clono-
types after viral infection, a power law relationship was
evident [16,17]. Speciﬁcally, clonotypic T cell responses to
inﬂuenza peptide MI58-66 presented on HLA-A2 character-
ized by TCR BV17, had a biphasic fractal distribution with
a larger number of infrequent clones and a small number of
highly expressed clones, with the former rapidly decaying
towards the latter, and when these clones were ranked
according to frequency, a power law relationship was
observed. Similar deterministic organization has been
observed in the zebraﬁsh immunoglobulin VDJ repertoire,
where the repertoire is demonstrably comparable among the
young ﬁsh [18,19]. However, the VDJ repertoire diversiﬁes in
older animals by eliminating the effect of clonal ampliﬁca-
tion. These authors discovered that independent of age, the
underlying “primary” repertoire was maintained through
a deterministic program rather than a stochastic processonor 9) and Onewith Complete HLAMismatch with the Other Two (Donor 4
HLA-B HLA-Cw HLA-Cw
55:01 03:03 07:02
07:02
44:03 02:10 07:18
DRB1
15:01
15:01
07:01
Figure 5. Resemblance of T cell repertoire in donors with partial HLA match, and lack thereof in HLA mismatched donor. (A) J segment usage. (B) DJ, VJ and nucleotide
substitution.
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are supported by our frequency distribution analysis of high-
throughput TCR b sequencing data.
In determining the organization of the TCR bVDJ reper-
toire by gene segment usage, regardless of the method used,
we almost always arrived at a self-similarity score or fractal
dimension value between 1 and 2. This is consistent with the
notion that splicing and recombination of linear germ-line
DNA constituting the TCR locus, results in a virtual, non-Euclidean, higher dimensional conﬁguration. Indeed, our
FD and SSS are strikingly close to the value of 1.6 previously
reported [16]. Logically, germ line TCR locus DNA will have
a dimensional value of 1, and recombination will yield
a higher dimensional value, similar to other linear motifs in
nature, such as coastlines. Interestingly, this value declines as
the number of gene segments utilized increases, consistent
with greater precision as one examines the data set at greater
resolution from DJ to VDJ to VDJþNI substituted clones
Table 5
TCR b J and VJ SSS in SCT recipients at day 100 and 1 year Formulas 1 and 2
(see Methods)
Recipient SSS-TCR b J
Day 100*
SSS-TCR b J
1 Year*
SSS-TCR b VJ
Day 100y
SSS-TCR b VJ
1 Yearz
3 1.62  .17 NA 1.34  .22 NA
4 1.59  .08 1.68  .13 1.38  .11 1.54  .18
5 1.62  .12 NA 1.43  .17 NA
6 1.65  .13 1.69  .11 1.40  .14 1.50  .13
7 .84  .35 1.74  .09 .67  .20 1.56  .14
8 .63  .38 1.74  .12 .51  .23 1.54  .13
9 1.58  .15 1.63  .11 1.39  .20 1.46  .14
11 1.64  .12 NA 1.41  .14 NA
14 1.65  .10 NA 1.49  .13 NA
16 .62  .15 NA .46  .10 NA
Average 1.34  .45 1.70  .05 1.15  .42 1.52  .04
* n ¼ 13.
y n ¼ 412.
z n ¼ 562 clones containing relevant gene.
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T cell repertoire organization also were evident in the
relationship observed between the SSS calculated from log-
transformed data and the T cell clonal frequency distribu-
tion function (pe a )obtained from non-transformed numeric
data. It is intuitive that constants of nature such as e and p
should be observed when recombanitorial possibilities are
considered in double helical DNA. An obvious source of
variability in the calculated SSS and FD is the different
number of recombinatorial possibilities at each gene
segment, and there is evidence that V-J recombination bias
generating the naïve repertoire may be the primary biolog-
ical force responsible for shaping the TCR repertoire [20].
Such nonuniformity due to speciﬁc mechanisms is entirely
consistent with the paradigm that fractal organization in
nature is observed on a limited scale, not extending beyond
certain orders of magnitude. The mechanism for hierarchy
emerging remains to be elucidated. However, marked simi-
larity in TCR gene segment usage seen in a pair of partially
HLA-matched individuals points to HLA being a potential
contributing factor.
Plausibly, if the HLA type of an individual signiﬁcantly
contributes to the organization of the TCR repertoire, certain
TCR conﬁgurations would be more efﬁcient at identifying
antigens in the context of relevant HLA than others and be
over represented. On the other hand, TCR clonotypes that
are less likely to interact with the individual’s HLA or are
likely to trigger autoreactive processes, are likely to be
relegated to lower frequencies and absence. Certain low-
frequency clonotypes are needed because they may be the
only ones that can interact with particular peptide-HLATable 6
Percent Change in TCRb J and VJ SSS from Donor to Recipient at Day 100 and
One Year
Recipient Day 100
TCRb-J
1 Year
TCRb-J
Day 100
TCRb-VJ
1 Year
TCRb-VJ
3 9.0 NA 23.0 NA
4 .63 6.3 4.8 6.2
5 1.8 NA 4.7 NA
6 9.3 7.1 20.5 14.8
7 49.1 5.5 55.0 4.7
8 62.9 2.4 67.9 3.1
9 7.6 4.7 15.8 11.5
11 16.3 NA 16.5 NA
14 5.7 NA 9.1 NA
16 58.7 NA 64.1 NAcombinations. Low-frequency clonotypes may also account
for naturally occurring regulatory T cell populations and
exert a tolerizing inﬂuence on potential autoreactive clones
[21]. Based on this analysis of high-throughput TCR
sequencing data, we propose a model where TCR gene loci
undergo rearrangement to generate a self-similar fractal
repertoire, in which each of the V, D, and J segments are
proportionally represented. For the TCR b locus, the D
segments form the foundation of the repertoire with a large
majority of sequences having either D1 or D2 incorporated.
Each D segment recombines with the J segments (J1.1 to
J2.7) in a proportional manner, such that the 2 D segment
containing groups are each split in 13 different groups. After
this recombination, each of these (w2  13) groups is then
proportionally recombined with the approximately 52 V
segments to result in multiple (w2  13  52) individual
clonotypes. Nucleotide substitution at the V/D and D/J splice
sites generate further diversity resulting in hundreds of
sequences for each VDJ recombination forming a complete
repertoire on this, by now very diverse, 3-tiered foundation.
In other words, D, J, and V segments, in that order, provide
a branching scaffold, with a fractal structure upon which
a “canopy” of nucleotide substituted TCR sequences is
arranged (Figure 7A). The relative frequency of various
recombinatorial possibilities is ranked hierarchically, once
again in self-similar fashion (Figure 7B), with the dominant
sequences determined by an individual’s HLA type and
minor histocompatibility antigen make-up, which in turn is
governed by the need for efﬁcient pathogen oligopeptide
presentation and deletion of auto-reactive self-recognizing
sequences. Thus, the T cell repertoire efﬁciently identiﬁes
pathogens from amongst all the self-antigens. This is anal-
ogous to the way tree branching patterns maximize the
absorption of sunlight by the efﬁcient usage of space.
Similarly, T cell sequence ranks create a “net” without holes
to safeguard the organism from extraneous harm without
injuring itself. Similar considerations would apply to the
TCR a locus, which combined with the TCR b yields a stag-
gering number of possibilities for motif recognition, on the
order of 1012. Thus, one may speculate that within each
individual, a branching TCR repertoire yields an efﬁcient
method to cover the potential spectrum of pathogens
encountered using the least amount of genetic information.
Further, the frequency distribution, following the power law
suggests a state of dynamic equilibrium where a small
number of dominant clones are in circulation at any given
time, and a large cadre of minor clones are “at the ready” in
the event of exposure to a speciﬁc pathogen.
Immune recognition of transformed cells contributes to
survival of the host organism, preventing emergence of
malignancy. Therefore, it is no surprise that adaptive
immunotherapy by means of allogeneic SCT has emerged
as an effective tool for the management of hematopoietic
malignancies. Survival after SCT is critically dependent on
immune reconstitution because of the role of adaptive
immunity in GVH and GVL responses as well as its
obvious importance in controlling opportunistic infections.
Several measures to evaluate immune reconstitution
including T cell chimerism, T cell subset recovery and
donor-derived T cell counts are correlated with post-
transplant outcomes. Analysis using TCR spectratyping
post-transplant has demonstrated massive perturbation of
the normal T cell repertoire in the transplant recipient
[22]. Further, immunological complications of SCT, such as
GVHD are associated with donor-derived oligoclonal T cell
Table 7
TCRb Clonal Shift Post-SCT. T Cell Chimerism Data for Recipients at Day 100
and One Year Post-Transplant Depicting Percentage Recipient Derived T
Cells
Recipient Day 100 1 Year GVHD no GVHD GVHD no GVHD
3 11 - - .39 - ND
4 51 8 - .21 - .31
5 0 .23 - * -
6 0 0 .24 - .36 -
7 52 56 - .29 - .24
8 2 6 .13 - .24 -
9 2 0 .21 - .22 -
11 0 - - .40 - ND
14 2 - .31 - * -
16 5 - - .32 - *
Mean .23  .06 .32  .08 .27  .08 .28  .05
The fraction of TCR VDJ clones shared between donor and recipients in the
top 4 ranks at day 100 and 1-year post-SCT depicted. GVHD status at time of
measurement.
ND indicates not done.
* Deceased at 1 year.
Figure 6. Change in self-similarity scores over time following SCT. (A) Change in TCRb J SSS from donor to recipient at Day 100 and 1 year post-transplant. (B) Change
in TCRb VJ SSS from donor to recipient at Day 100 and 1 year post-transplant. (C) RPD graphs representative of loss of self-similarity and order in recipient T cell
repertoire at day 100 following SCT, and modest recovery by 1 year post-SCT (compare with the donor data in Figure 1B for J and Figure 2 for VJ segment usage).
Proportional distribution of the J segment and the VJ segments.
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provides a comprehensive picture of T cell repertoire
reconstitution in the recipient of SCT, knowledge of
which is critical to allow full comprehension of GVH and
GVL responses, which are driven by minor histocompati-
bility antigen (mHA) differences between donors and
recipients [23].
In this context, the observation of an alteration of clonal
hierarchy in patients after SCT is particularly informative.
After transplantation, a shift in clonal dominance was
observed where by only a minority of TCR clones that were
dominant in the infused stem cell product maintain that
position in the new hierarchy, with a different set of clones
rising to high frequency. Although, sampling related incon-
sistencies (donor apheresis product versus recipient blood
sample), the use of anti-thymocyte globulin during condi-
tioning and post-SCT immunosuppression resulting in
delayed T cell reconstitution most likely contributes to the
observed clone frequency variation, the substantial shift of
dominant clonotypes consistently seen within the top 4
ranks in these HLA-matched patients suggests that new
antigens (minor histocompatibility antigens) encountered in
the recipient may be responsible for driving this clonal shift.The degree of disparity observed in patients without GVHD is
intriguing, in that it suggests that along with other factors,
anti-thymocyte globulin may facilitate tolerance induction to
Figure 7. (A) Model depicting fractal, self-similar TCR gene segment usage across the VDJ segments and concluding with NI in two dimensions. (B) Model portraying
TCR clonal ranking at different gene segment levels in the third dimension.
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residual disease, mitigating GVHDwithout impacting relapse
rates [24]. Although not evident in our dataset, given the
limited number of patients, such studies may provide insight
into the variable immunological sequela of SCT despite
stringent HLA matching.
The thymus has a deterministic role to play in this
process, and decline in thymic function and T cell depletion,
produced by immunosuppressive therapy after hematopoi-
etic stem cell transplant in the presence of a host of new
minor histocompatibility antigens, may help change the
dominant T cell clones seen after transplantation. In the
absence of thymic selection (in older SCT recipients), this
repertoire alterationmaywell contribute to the pathogenesis
of complications such as GVHD. In fact, thymic selection may
contribute to the fractal organization of T cell repertoire by
balancing self-reactive T cells and regulatory T cells. It was
reported that naturally occurring regulatory T cells differ-
entiate at the double positive stage in the thymus [24,25]. In
the absence of the thymus, such modiﬁcation of T cell
repertoire may be altered. This initial disordered organiza-
tion in transplant recipients compared with that seen in
donors may also reﬂect a more clonal nature of the TCR
b reconstitution present in the early phases of transplant
recipient immune reconstitution. Whether the overall clonal
hierarchy will be substantially different in patients who get
preparative regimens without T cell depletion using anti-
thymocyte globulin remains to be determined. Accordingly,
these results demonstrate a previously unexplained
complexity in the process of immune reconstitution at work
in transplant recipients. Additionally, this ﬁnding also raises
the intriguing possibility that infusions of selected donor-
dominant TCR bearing clones of donor lymphocytes to
patients with GVHD may be explored in the future on the
basis that these clones will be more likely to target antigens
derived from pathogens rather than peptides of donor origin,
and by extension, recipient. This discussion notwithstanding,
our proposed model of the T cell repertoire organization
pertaining to the dominant clones remains hypothetical until
veriﬁed using alternative TCR Vb sequencing platforms.
Recently evidence has emerged that there may be signiﬁcant
differences in how different sequencing platforms report the
ﬁnal repertoire diversity [26], and although these differences
are mostly observed in low-frequency clones and are cor-
rected for in our data set, our conclusions should beconsidered limited to the TCR sequencing methodology re-
ported herein.
In conclusion, high-throughput sequencing of the T cell
receptor within the constraints of methodological and
analytic limitations, has unveiled a complex clonal frequency
distribution in the TCR repertoire of an individual. Log
transformation of T cell clone frequency demonstrates that
the TCR b repertoire, as determined by TCR gene segment
usage is organized in a fractal, self-similar pattern with
a hierarchy of dominant and minor clones. The complexity of
the TCR repertoire is diminished after SCT, and that TCR
b hierarchy is altered. Restoration of this order may serve as
a therapeutic target to improve clinical outcomes by opti-
mizing adoptive immunotherapeutic potential of allogeneic
stem cell transplantation. Further, shifts in TCR clonal
dominance may allow more accurate monitoring of immu-
notherapy of malignancies in general, beyond allogeneic
stem cell transplantation, in addition to monitoring of
immunosuppressive therapies and responses to infections.
Thus, studying the TCR repertoire, and accounting for its
complexity, may yield new insights into the mechanism of
immunological sequela observed in disease states such as
those seen after SCT.ACKNOWLEDGMENTS
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